We analyzed whether synaptic membrane trafficking proteins are substrates for casein kinase II, calcium/calmodulin-dependent protein kinase II, and cAMPdependent protein kinase (PKA), three kinases implicated in the modulation of synaptic transmission. Each kinase phosphorylates a specific set of the vesicle proteins syntaxin 1A, N-ethylmaleimide-sensitive factor (NSF), vesicle-associated membrane protein (VAMP), synaptosome-associated 25-kDa protein (SNAP-25), n-secl, a soluble NSF attachment protein (aSNAP), and synaptotagmin. VAMP is phosphorylated by calcium/calmodulin-dependent protein kinase II on serine 61. aSNAP is phosphorylated by PKA; however, the .3SNAP isoform is phosphorylated only 20% as efficiently. aSNAP phosphorylated by PKA binds to the core docking and fusion complex 10 times weaker than the dephosphorylated form. These studies provide a first glimpse at regulatory events that may be important in modulating neurotransmitter release during learning and memory.
aSNAP is phosphorylated by PKA; however, the .3SNAP
isoform is phosphorylated only 20% as efficiently. aSNAP phosphorylated by PKA binds to the core docking and fusion complex 10 times weaker than the dephosphorylated form. These studies provide a first glimpse at regulatory events that may be important in modulating neurotransmitter release during learning and memory.
The central nervous system monitors the internal and external environment of an organism, integrating information and producing outputs aimed at maintaining homeostasis. As an organism learns, neuronal processes alter activities based on the nature of previous experience. A cellular basis of learning and memory is thought to be the modulation of the strength and/or number of synaptic contacts (1) . Formation of longterm memories is likely to involve changes in gene expression and the development of new synaptic contacts (2) . In contrast, the rapid nature of short-term memory is such that the underlying mechanism must involve the modulation of preexisting components of the nervous system, since it does not depend on de novo protein synthesis (3) . Numerous studies point to the chemical synaptic transmission process as the key site for modulation during the formation and storage of short-term memories. This process can be divided into two general categories. First, the presynaptic machinery that regulates the synthesis, packaging, and secretion of transmitter and, second, the postsynaptic apparatus that detects the transmitter and propagates signals. Both of these sites have been shown to undergo modulatory processes that may be involved in encoding memories.
Within the presynaptic nerve terminal, the modulation of chemical transmitter secretion is a major mechanism for regulating synaptic strength. Both studies in invertebrates and mammalian species suggest that the regulation of synaptic strength can be controlled by protein phosphorylation levels through kinases and phosphatases. In Aplysia during the induction of long-term facilitation of the gill withdrawal reflex cAMP-dependent protein kinase (PKA) is activated and leads to enhanced transmitter release (4) . In the early phase this involves phosphorylation of K+-channels by PKA leading to modulation of the duration of the action potential (5, 6) . Long-term potentiation (LTP) in mammals is a form of synaptic plasticity demonstrated in hippocampus and is characterized by a long-lasting alteration in the postsynaptic response when the presynaptic cell is tetanically stimulated (7) . This system is thought to be important in certain aspects of learning and memory. LTP in the mossy fiber pathway in the hippocampal CA3 region appears to be presynaptically expressed and involves cAMP/PKA signaling, which, in the early phase of this process, might act on the neurotransmitter secretion machinery (8, 9) . LTP in the CAl region is dependent on calcium/calmodulin-dependent protein kinase II (CaMKII), since no LTP could be measured in mice with no intact gene for the a subunit of CaMKII (10, 11) . In addition, presynaptic paired-pulse facilitation as well as posttetanic potentiation is altered in these mice (12) . CaMKII has been proposed to mediate changes in postsynaptic gene expression during the late phase of LTP induction by phosphorylation of the transcription factor CREB1 (13) (14) (15) . The modulation of synaptic vesicle availability in the presynaptic neuron through the action of CaMKII on the vesicle protein synapsin may be a means of linking the action potential to vesicle mobilization (16) . In addition, the activity of specific isoforms of protein kinase C were shown to increase in the presynaptic as well as in the postsynaptic cell during the induction of LTP (17) . Inhibition of protein kinase C also inhibits induction of LTP (18) , and LTP in mice lacking the y subunit of protein kinase C is reduced (19) . Finally, various other kinases have been shown to modulate synaptic transmission through as yet unknown mechanisms (20) (21) (22) .
In the last several years, a great deal has been learned about the mechanism of synaptic vesicle docking and membrane fusion (23) (24) (25) . In one working hypothesis it is proposed that n-secl may be complexed with syntaxin, a component of the plasma membrane receptor for vesicles. During the docking process these two proteins dissociate. In at least one docked state of the vesicle, a heterotetrameric complex comprised of two vesicle proteins, vesicle-associated membrane protein (VAMP; also synaptobrevin) and synaptotagmin, and two plasma membrane proteins, synaptosome-associated 25-kDa protein (SNAP-25) and syntaxin, is formed. It is further hypothesized that following vesicle docking, the a soluble NSF attachment protein (aSNAP) adds to the complex with the concurrent loss of synaptotagmin. The association of aSNAP with the complex then allows binding of the ATPase N-ethylmaleimide-sensitive factor (NSF) to form a 20S complex. Upon ATP hydrolysis, the 20S particle dissociates, leading to a series of uncharacterized intermediates that proceed the fusion of the lipid bilayers. These intermediates may comprise a temperature-sensitive step, a pH-sensitive step, and a final calcium-dependent step (26) . While proteins involved in the synaptic vesicle life cycle are prime candidates for modulation during learning and memory.
To begin an investigation of the regulation of vesicle trafficking proteins in docking and membrane fusion, we have studied the phosphorylation of these molecules by casein kinase II, CaMKII, and PKA in vitro. The binding properties of the phosphorylated VAMP and phosphorylated aSNAP have been studied and compared with that of the dephosphorylated forms of the proteins. These studies provide a basis for understanding of the modulation of synaptic transmission by protein kinases.
MATERIALS AND METHODS
Expression of Recombinant Proteins. Glutathione Stransferase (GST) fusion proteins of n-secl and SNAP-25 as well as of the cytoplasmic domains of syntaxin 1A, VAMP-2, and synaptotagmin were prepared as described (27) . NSF, aSNAP, and ,BSNAP containing amino-terminal histidine tags were expressed and purified according to Whiteheart et al. (28) , except that aSNAP and f3SNAP were eluted from Ni2+-beads in 300 mM imidazol, 20 mM Hepes (pH 7.4), 150 mM KCl, 1 mM DTT, 5% glycerol, and 0.05% Tween 20.
SDS/PAGE and Western Blotting. Protein samples were separated on 13% SDS/polyacrylamide gels. For analysis of protein phosphorylations, gels were stained by Coomassie blue, dried, and exposed to x-ray film. 32p incorporation was quantified by excising the labeled protein band, followed by liquid scintillation counting. For binding experiments, proteins were transferred from gels to nitrocellulose paper (0.2 gm), Phosphorylation with CaMKII (gift from Howard Schulman, Stanford University) was carried out by incubating 20 pmol of purified recombinant synaptic vesicle proteins for 10 min at 30°C in 50 mM Pipes (pH 7.0), 10 mM MgCl2, 0.1 mg of BSA per ml, 100 ,uM ATP (3.2 ,Ci/mM), 5 ,ug of calmodulin per ml, 0.5 mM CaCl2, and 25 ng of CaMKII purified from rat brain. The reaction was stopped on ice by the addition of 10 mM EGTA.
The reaction mixture for phosphorylation by PKA contained 20 pmol of purified recombinant synaptic proteins in 50 mM 2-[N-morpholino]-ethane-sulfonic acid (Mes; pH 6.9), 10 mM MgCl2, 0.5 mM EDTA, 1 mM DTT, 150 ,uM ATP (3.2 ,uCi/mM), and 5 x 10-4 units of the catalytic subunit of PKA (Boehringer Mannheim). The reaction was carried out for 20 min at 30°C and stopped on ice or by the addition of 2 ,M pseudosubstrate peptide PKI (GIBCO/BRL). Aliquots of the phosphorylation reactions were analyzed by 13% SDS/PAGE. Gels were stained with Coomassie blue, dried, and exposed to x-ray film.
Site-Directed Mutagenesis. Mutants were constructed according to Kunkel (31) . cDNA encoding the cytoplasmic domain of VAMP was subcloned into pBluescript II KG(+) (Stratagene). This plasmid was transformed into the Escherichia coli strain RZ1032 (ung-, dut). Single-stranded DNA was rescued using the helper phage R408 (Stratagene). Oligonucleotide-directed mutagenesis was carried out as described (31) , and the cDNA containing the desired point mutation was verified by double-stranded sequencing using Sequenase version 2.0 (United States Biochemical). cDNA encoding the mutant form of VAMP was cloned back into pGEX-KG. Mutant VAMP fusion protein was produced as described for wild-type VAMP.
In Viro Binding Studies. For analyzing the binding of VAMP or phosphorylated VAMP to SNAP-25 and syntaxin, 0.5 ,tM GST-syntaxin immobilized on glutathione-agarose beads was incubated with 0.5 ,uM SNAP-25 and aliquots of phosphorylation reactions with or without kinase corresponding to the indicated concentrations of VAMP or phosphorylated VAMP in 50 mM Tris-HCl (pH 7.5), 130 mM KCl, 10 mM MgCl2, 1 mM DTT, and 0.1 mg of BSA per ml for 1 h at 4°C. Beads were washed three times with incubation buffer. Material bound to beads was analyzed by SDS/PAGE and Western blotting.
Binding of aSNAP to the 7S complex was analyzed as follows: 0.5 ,uM GST-syntaxin immobilized on glutathioneagarose beads was preincubated with 2 ,tM VAMP and 1 ,M SNAP-25 in buffer A (20 mM Hepes, pH 7.4/150 mM KCl/1 mM DTT/5% glycerol/0.05% Tween 20) containing 1% polyethylene glycol 3350, 0.5 mg of BSA per ml, and 1 mM EDTA for 10 min on ice. Then, different amounts from phosphorylation reactions containing non-phosphorylated aSNAP (carried out in the absence of kinase) or PKA-phosphorylated aSNAP were added to the mixture, and incubation was continued for 1 h at 4°C. Beads were washed three times in buffer A, and pellets were solubilized in sample buffer and analyzed by SDS/PAGE and Western blotting. RESULTS
Phosphorylation of seven components of the synaptic vesicle trafficking system, syntaxin 1A, VAMP, SNAP-25, nsecl, aSNAP, NSF, and synaptotagmin were studied. Soluble forms of the cytoplasmic domains of syntaxin 1A, synaptotagmin, and VAMP were made by inserting a stop codon just before the hydrophobic membrane anchor. The GST fusion protein expression system was used to produce syntaxin 1A, VAMP, SNAP-25, nsecl, and synaptotagmin, while histidine tag expression system was used for bacterial expression of aSNAP and NSF. Fig. LA (Fig. 1B) . Autophosphorylation of the a and ,B/,B' subunits of the kinase is observed in each of the reactions. In addition, syntaxin 1A, VAMP, SNAP-25, aSNAP, NSF, and synaptotagmin, but not nsecl, are substrates for this kinase. We also tested the ability of 13SNAP, a brain-specific SNAP-isoform, to function as a substrate for CaMKII in vitro. In the presence of Ca2+, both aSNAP and f3SNAP are phosphorylated. However, under the conditions of our reaction, the 13 isoform is labeled by radioactive phosphate to only 21% of the level as the a isoform (data not shown). The broad pattern of phosphorylation produced by CaMKII suggests that this enzyme might be a regulator of the vesicle trafficking machinery. In contrast to CaMKII, efficient phosphorylation of the vesicle protein substrates by PKA is restricted to aSNAP (Fig. 1C) . The other basic amino acid, on position -2. There are a number of other substrates known whose sites do not completely match the consensus site (34) .
As the only synaptic vesicle v-SNARE identified so far, VAMP might be a good target for mechanisms regulating vesicle docking/fusion. Therefore, we tested the efficiency with which VAMP assembles into the heterotrimeric vesicle docking complex comprised of VAMP, SNAP-25, and syntaxin. There was no detectable difference in the ability to assemble into the complex using phosphorylated versus the dephosphorylated VAMP (Fig. 2B) . In the reaction shown, the stoichiometry of phosphate incorporation was 0.51 mol of phosphate per mol of VAMP.
To further understand the regulation of SNAP activity by PKA, we compared the substrate activity of aSNAP to (A) , dried, and exposed to x-ray film for autoradiography (B).
conditions used for these experiments (Fig. 3) . The two isoforms do not contain the optimal consensus site RRXS/T for PKA, but there are several serines and threonines with upstream basic amino acids. This suggests that features of the tertiary structure of aSNAP are important for the recognition by PKA, a feature postulated for other nonconsensus PKA substrates (35) .
Following formation of the heterotrimeric complex of VAMP, SNAP-25, and syntaxin, aSNAP associates with the complex, which, in turn, forms a binding site for NSF. We investigated the effect of phosphorylation on the ability of aSNAP to bind to the heterotrimeric vesicle docking complex. As demonstrated previously, the aSNAP binds to the complex. However, the PKA-phosphorylated aSNAP bound much more weakly to the complex (Fig. 4A) . Quantitative analysis revealed that binding was reduced by approximately an order of magnitude (Fig. 4B) . The same decrease in binding was observed by Coomassie blue-stained SDS/PAGE, eliminating the possibility that the observation is due to inhibition of antibody binding to phosphoryled aSNAP. Neither form of aSNAP bound to GST beads alone (data not shown), suggesting specific binding of aSNAP to the 7S complex.
DISCUSSION
In this report we demonstrate that several protein components of the synaptic vesicle docking and fusion pathway are substrates for protein kinases. While the phosphorylations were performed in vitro with both purified substrates and kinases, several lines of evidence suggest that these reactions are specific and that they may occur in vivo. First, the patterns of phosphorylation are distinct, revealing a pattern of both substrate and kinase specificity in the reactions. Second, some of the phosphorylations had also been shown to occur on isolated synaptic vesicles or brain extracts, as in the case of CaMKII-mediated phosphorylation of synaptotagmin (36) VAMP (37) and phosphorylation by casein kinase II of synaptotagmin (32, 33 (1996) Proc. Natl. Acad. Sci. USA 93 (1996) 11949 heterotrimeric "core complex" is thought to represent one of the critical steps in vesicle docking and/or fusion and currently represents the only assay for VAMP function in vitro. Perhaps the phosphorylation of serine 61 modulates another function of the VAMP protein, such as the actual membrane fusion process or the recycling or localization of the VAMP protein to synaptic vesicles.
aSNAP is a substrate for phosphorylation by PKA, while PSNAP is a much less active substrate for this kinase. Recent studies suggest that NSF is a chaperone that functions in the formation or dissociation of complexes or in guiding conformational changes in the SNAREs (38) . Phosphorylation of aSNAP dramatically reduces its ability to bind the 7S core complex and would therefore be predicted to dramatically decrease the ability of NSF to function. A reduction in NSF function would result in lower levels of vesicle fusion and ultimately neurotransmitter release. Studies on long-term facilitation inAplysia and hippocampal LTP, however, suggest an increase rather than a decrease in vesicle docking and fusion by PKA activation. In addition, the catalytic subunit of PKA has been identified as a stimulating factor for calciumdependent secretion from permeabilized chromaffin cells (39) . How might these data be reconciled with our present observation? Perhaps the conformational changes in the 20S or other SNAP-containing complexes induced by NSF are ratelimiting and require aSNAP dissociation. If this were the case, a reduced binding affinity might enhance the rate of these reactions. This hypothesis assumes that the off-rate of aSNAP from complexes will be increased, while the on-rate will remain relatively unchanged. Another possibility arises from the observation that aSNAP is more efficiently phosphorylated compared with the other, brain-specific isoform, f3SNAP. aSNAP-phosphorylation might inactivate this isoform while the inefficient substrate 3SNAP remains active. Most synaptic vesicle proteins are members of gene families that result in the expression of multiple isoforms, and, in many cases, these isoforms are coexpressed within individual neurons. Therefore, we hypothesize that activation of PKA, or protein kinases or phosphatases in general, might be used as a switch to change the particular vesicle protein isoform that functions in the secretory process. It had previously been shown that three other synaptic proteins are kinase substrates. Synaptophysin is phosphorylated by CaMKII (40) and rabphilin-3A is an in vitro substrate for CaMKII and PKA (41), although these modifications had not been demonstrated to alter the function of these proteins. Phosphorylation of n-secl by protein kinase C has recently been shown to regulate the n-secl-syntaxin binding (42) . Thus, we now have two cases where protein-protein interactions proposed to be important in regulating neurotransmitter secretion are modulated by protein phosphorylation. Clearly we are at the initial stages of understanding the biochemistry of neurotransmitter secretion. As a greater understanding of this process emerges, a larger number of assays will become available for investigating the modulation of vesicle protein function. At this stage of analysis, it is reasonable to conclude that the levels of protein phosphorylation will be critical in regulating the biochemical pathway leading from vesicle docking to neurotransmitter release. It is likely that this regulation plays a critical role in synaptic plasticity and thus in storage of memories.
